Background and Aims Knowledge of diploid phylogeny and ecogeography provide a foundation for understanding plant evolutionary history, diversification patterns and taxonomy. The genus Anthoxanthum (vernal grasses, Poaceae) represents a taxonomically intricate polyploid complex with large phenotypic variation and poorly resolved evolutionary relationships. The aims of the study were to reveal: (1) evolutionary lineages of the diploid taxa and their genetic differentiation; (2) the past distribution of the rediscovered 'Mediterranean diploid'; and (3) possible migration routes of diploids in the Mediterranean.
INTRODUCTION
The Mediterranean Basin played an important role in the evolution of many plant taxa and has substantially influenced flora of the whole of Europe and adjacent regions (e.g. Feliner, 2014) . Several plant groups have significantly diversified there. Thus, in addition to other taxa, some grass genera could serve as salient examples, for example Festuca , Helictotrichon (Wölk et al., 2015) , Lolium and Vulpia (Diaz-Perez et al., 2014) . Grasses have often undergone very complicated evolution including reticulate hybridization and polyploidization that results in intricate diploid-polyploid complexes (e.g. Hunt et al., 2014; Sun, 2014; Triplett et al., 2014; Zuo et al., 2015) . Unravelling their evolutionary history is often extremely difficult, especially if no or only fragmentary prior knowledge is available. In such cases, research primarily focuses on diploids and their evolutionary relationships, as it is the only possibility for dealing with these complexes (e.g. Siqueiros-Delgado et al., 2013; Rojas-Andres et al., 2015) . A key role for the Mediterranean area in the evolution of the relatively small grass genus Anthoxanthum (Pimentel et al., 2013) , along with still-unresolved relationships among diploid taxa with uncertain taxonomic concepts (e.g. Sahuquillo, 2003, 2008; Pimentel et al., 2010; Chumov a et al., 2015 Chumov a et al., , 2016 , first led us to attempt to resolve diploid evolution in this genus, with a special emphasis on the Mediterranean.
Anthoxanthum is characterized by three-flowered spikelets which are shed as a unit at maturity. The lower two florets are sterile; the upper is bisexual and protogynous. In addition, all taxa are strongly scented with coumarin, suggesting that the genus is closely related to Hierochlo€ e. Anthoxanthum, however, has the basic chromosome number x ¼ 5, whereas Hierochlo€ e has x ¼ 7 (Jones, 1964) . The genus Anthoxanthum contains approx. 22 species (excluding Hierochlo€ e; Pimentel et al., 2013) that grow in Eurasia, Macaronesia, Central America and parts of Africa (tropical East Africa, Ethiopia, southern Africa) (Watson and Dallwitz, 1992; Clayton et al., 2016) . The genus was traditionally divided into two sections -sect. Anthoxanthum, comprising 9-10 species of northern Eurasia, the Mediterranean, Macaronesia and East Africa, and sect. Ataxia, including approx. 10 species from southern Africa (South Africa and Madagascar) and East Asia (Stapf, 1899) . Recent molecular research has shown a linkage between Anthoxanthum sect. Anthoxanthum and the closely related genus Hierochlo€ e, with ancient hybridization between them very likely having formed sect. Ataxia (Pimentel et al., 2013) . This finding pointed to: (1) a paraphyletic origin of the genus Anthoxanthum (if it is treated as separate from Hierochlo€ e); and (2) a fundamental role for species of sect. Anthoxanthum (especially its diploids) in its evolution. This means that Macaronesia, the Mediterranean basin and mountains of Europe and Asia are the cradle of the genus Anthoxanthum, because only these areas are occupied by these diploids (Table 1) . In sum, there are six diploid species in sect. Anthoxanthum, and four of them are restricted to the Mediterranean area or its vicinity. The only perennial diploid taxon of the Mediterranean is represented by plants morphologically resembling the common tetraploid species A. odoratum. This remains without proper scientific description, referred to in the literature as the Cretan diploid (Jones, 1964) or diploid A. odoratum (Felber, 1987; Teppner, 1970) . For the sake of simplicity, it will hereafter be termed the 'Mediterranean diploid', following Chumov a et al. (2015) . The remaining three taxa of the Mediterranean are annuals -A. gracile, a species of shady gorges and deep valleys of central and eastern Mediterranean islands; A. aristatum, a quite common species of open pine forests, fallows and pastures of the western and central Mediterranean, Macaronesia and secondarily as a weed in Europe; and A. ovatum, a species of sandy habitats and olive groves mainly in the western and central Mediterranean (Valdés, 1973; Tutin, 1980) . The two remaining diploids, from outside the Mediterranean, are a perennial found in Macaronesia -A. maderense, an endemic species of Madeira Island (Teppner, 1998) -and another occurring in Eurasia, A. alpinum, a species of arctic-alpine zones of southern mountains and northern Eurasian lowlands (Hedberg, 1986 (Hedberg, , 1990 . All other members of sect. Anthoxanthum are perennial polyploids varying in habitat preferences, in distribution and very likely in origin (Table 1) .
Despite having rather few recognized species, difficulties in their delimitation and determining their origin have frustrated people who work with this genus, especially botanists. This problem is present not only at the polyploid level, but even among diploids. For instance, the taxonomic as well as phylogenetic position of the 'Mediterranean diploid' among its counterparts is completely uncertain, in spite of long-standing awareness of its existence (Briquet, 1910; Borrill, 1963; Jones, 1964; Hedberg, 1967; Teppner, 1970; Felber, 1987; Chumov a et al., 2015) . Another example is the occasional lumping of the phenotypically similar annuals A. aristatum and A. ovatum into the A. aristatum/ovatum complex based on genetic data (Pimentel et al., 2007b (Pimentel et al., , 2010 , salient morphological resemblance (Pimentel and Sahuquillo, 2003; Pimentel et al., 2007a Pimentel et al., , 2010 and indistinguishable but extremely variable genome size (Chumov a et al., 2015 (Chumov a et al., , 2016 . The fact is that the origin of this complex still remains unknown, as does the origin of the diploid A. maderense. The only exception is A. gracile, whose position has repeatedly been shown to be as a sister group to other European diploids (Pimentel et al., 2007b (Pimentel et al., , 2013 .
To resolve unclear relationships among taxa, the phylogeographical approach might be more powerful than analyses based either purely on population genetic structure or on historical relationships (i.e. phylogeny). Classic models describing population structure are thought to be unsuitable for groups for which historical events such as range expansion, range fragmentation or population bottlenecks have strongly determined genetic structure. Observed genetic similarity between such populations owes more to recent common ancestry than to any ongoing process of genetic exchange (e.g. Mamidi et al., 2013) . On the other hand, methods dealing with historical relationships at the species level often assume that taxonomic units represent non-reticulate lineages (e.g. Schaal et al., 1998) . Therefore, the phylogenetic approach cannot be directly applied at either the individual or the population level, where at least some genetic exchange is expected. Characterization of population structure by recognizing geographical patterns of genealogical structure across the range of species (Avise, 1994) , i.e. phylogeography, balances the disadvantages of each method and therefore seems to be a promising approach for understanding complex relationships within A. sect. Anthoxanthum. Similarly, the phylogeographical approach has been used to resolve intraspecific evolution of arctic-alpine Saxifraga oppositifolia in Holderegger and Abbott (2003) .
Here we use plastid and nuclear ribosomal DNA sequences and cytogenetic data to describe the genetic structure of diploid European Anthoxanthum species and to elucidate their history and clarify their taxonomic concept. We aim to show whether gene flow or ancestral polymorphism blurs relationships of currently recognized species. Therefore, we reconstruct gene-tree genealogies and, using a multi-species coalescent model, a population tree. We further test for the presence of recent gene flow among geographically separated populations. For the subset comprising the most intricate species of the Mediterranean, including the mysterious 'Mediterranean diploid', we model potential historical migrations of both their populations and suitable niches.
Specifically, we address the following questions: (1) How many major evolutionary lineages can be recognized among Anthoxanthum sect. Anthoxanthum? (2) How do the genetic relationships among populations affect the taxonomic concept of the genus? (3) Is there any linkage between the genetic and geographical patterns? (4) Is there any genetic or ecological differentiation among diploid species in the Mediterranean region? (5) What can be inferred from reconstruction of the Pleistocene history of the 'Mediterranean diploid'?
MATERIALS AND METHODS

Plant material
The Anthoxanthum L. material was collected in 2006-2015 across the entire range of the genus in Europe and included all currently recognized taxa. Ploidy levels of all plants were determined by flow cytometry, and all detected cytotypes were validated by chromosome counts, as described in Chumov a et al. (2015) . Thirty-five populations were selected from the 63 sampled diploid populations in the study of Chumov a et al. (2015) based on their geographical positions to fully cover the known distribution of the diploid taxa of sect. Anthoxanthum; for locality details see Supplementary Data Table S1 . Each population was represented by one specimen.
For molecular analyses (dating analysis and phylogeographical model BASTA; see below for details, and Supplementary Data Table S1 for a list of GenBank accessions), we supplemented the sequences obtained through our sampling with sequences of 37 plants from Pimentel et al. (2013) .
Additionally, location data for a number of occurrences of the 'Mediterranean diploid', A. aristatum and A. ovatum were taken from trustworthy sources (Felber, 1987; Teppner, 1970; Valdés, 1973; Chumov a et al., 2015) and used for climatic niche analysis; see further Materials and Methods sections for details.
The taxonomic concept for our 35 specimens is taken from Chumov a et al. (2015) , in which the annual taxa A. aristatum and A. ovatum are lumped in one complex; they are hereafter referenced as 'annuals'. However, this simplification cannot be used for climatic niche analysis, and therefore data taken from Valdés (1973) are retained in their original form and these are treated as two separate taxa. The validity of both taxonomic concepts is examined in the Discussion. Altogether, 16 populations (one specimen from each) of five recognized diploid taxa were chosen for FISH analysis (see Table S1 ). Chromosome spreads were prepared as described by Chumov a et al. (2016) . Arabidopsis thaliana BAC clone T15P10 (AF167571) bearing 45S rRNA gene repeats was used for in situ localization of 45S rDNA, and A. thaliana clone pCT 4.2 (M65137), corresponding to a 500-bp 5S rRNA repeat, was used for localization of 5S rDNA loci. The 45S and 5S rDNA probes were labelled by digoxigenin-and biotin-dUTP, respectively, using nick translation (Mand akov a and Lysak, 2016). We pooled together 100 ng from each labelled BAC DNA, precipitated using ethanol, then dissolved this in 20 mL of hybridization mixture containing 50 % formamide and 10 % dextran sulphate in 2 Â SSC and pipetted it onto microscopic slides. The slides were heated at 80 C for 2 min and incubated at 37 C overnight. Hybridized probes were visualized using fluorescently labelled antibodies for digoxigenin-dUTP (green) and biotin-dUTP (red). DNA labelling and fluorescence signal detection was performed according to Mand akov a and Lysak (2016) . Chromosomes were counterstained with DAPI (2 mg mL -1 ) in Vectashield. Fluorescence signals were analysed and photographed using a Zeiss Axioimager epifluorescence microscope and a CoolCube camera (MetaSystems, Newton, MA, USA). Individual images were merged and processed using Photoshop CS software (Adobe Systems).
Molecular data collection
For all molecular analyses, we used 35 selected individuals (one from each population). We analysed two plastid regions (trnL-trnF and rpl32-trnL) and internal transcribed spacer (ITS) region of nuclear ribosomal DNA (nrDNA). Total genomic DNA was extracted from 0Á5 g of dried leaf tissue using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). The plastid region trnL-trnF was amplified and sequenced using primers c and f (trnL intron plus trnL-trnF intergenic spacer, hereafter trnL-F; Taberlet et al., 1991) . The PCR conditions for the trnL-F region were as follows: 1 min of denaturation at 94 C, followed by 34 cycles at 94 C for 50 s, 50 s at 52Á5 C, 90 s at 72 C and a final extension of 10 min at 72 C. The plastid region rpl32-trnL was amplified and sequenced using primers trnL (UAG) and rpL32-F under the PCR conditions following Shaw et al. (2007) . Finally, amplification of the nuclear ribosomal ITS (ITS1-5Á8S-ITS2) region followed Hsiao et al. (1995) . Due to the occurrence of within-individual polymorphisms in some of the directly sequenced PCR products of the ITS region, PCR products for ITS were cloned using the pGEM-T Easy Vector System (Promega, Madison, WI, USA) following the manufacturer's instructions but downscaled to half-volume reactions. Details of the procedure were as described by Z avesk a et al. (2012) . Eight colonies from each individual were used as templates for PCR and sequencing. PCRs of all loci were done with MyTaq polymerase (Bioline, London, UK) or AmpliTaq Gold DNA Polymerase (Applied Biosystems, Foster City, CA, USA), following the manufacturer's instructions, but with the annealing temperatures mentioned above. PCR products were purified with the Jetquick PCR Purification Spin Kit (Genomed, Warsaw, Poland) and directly sequenced at Macrogen Inc. (http://www.macrogen. com) or at the DNA sequencing laboratory of the Biological Section of Charles University, with the original PCR primer sets in both directions.
The two datasets of sequences, i.e. the concatenated chloroplast DNA (cpDNA) dataset and the ITS dataset, were aligned independently using MAFFT (http://mafft.cbrc.jp/alignment/ server/), and then the alignments were improved manually in BioEdit v.7.0.0. (Hall, 2004) . Autapomorphies found in a particular alignment in only one sequence were considered as polymerase errors and corrected (Popp et al., 2005) . ITS sequences from cloned PCR products were inspected for presence of PCR and/or in vivo recombinants according to Z avesk a et al. (2012) , and a maximum of two ITS alleles per diploid were kept for further analyses.
Reconstructions of gene genealogies
Because the interpretation of congruence (or lack thereof) between the geographical distributions of haplotypes and their genealogical relationships is the basis for phylogeographical analyses, we first reconstructed statistical parsimony networks for the plastid DNA data and ITS ribotypes (analysed as separate datasets) using TCS 1.21 (Clement et al., 2000; Swofford, 2002) . Gaps were treated as missing characters after manual re-coding of insertions/deletions (indels) as single-base-pair indels. For all other analyses, the unmodified alignments were used.
Phylogenetic trees based on cpDNA and ITS sequences (analysed as separate datasets) were reconstructed using maximum parsimony (MP) and Bayesian analyses (BA). MP analysis (including the MP analysis with 1000 bootstrap replicates) were performed using PAUP* v.4.0b10 (Swofford, 2002) with settings as described by Z avesk a et al. (2012) . Bootstrap support (BS) was categorized as strong (>85 %), moderate (70-85 %), weak (50-70 %) or poor (< 50 %). Bayesian analysis was accomplished with MrBayes v.3.1.2. (Huelsenbeck and Ronquist, 2001) . Both datasets were individually tested for the best substitution model using jModelTest v.0.1.1 (Posada, 2008) with default settings. We chose GTRþG for both of them according to the Bayesian information criterion (BIC; Schwarz, 1978; Posada and Buckley, 2004) . Two parallel runs with four chains each were used, sampling every 1000th tree for 10 million generations for each dataset. The first 25 % of samples ( ¼ 2500 trees) were discarded as burn-in, and the remaining 7500 trees per run were summarized. Nodes with posterior probability (PP) values of 0Á95 and above were regarded as significant and those with PP values below 0Á95 regarded as non-significant. For presentation of relationships between sampled individuals based on particular markers, Bayesian 50 % majority rule consensus trees were used.
A test of the compatibility of the two datasets with theoretically different evolutionary histories was performed in Concaterpillar (Leigh et al., 2008) . To visualize potential conflicting signals, we analysed the concatenated dataset of cpDNA and ITS as a single supermatrix using NeighbourNet (Bryant and Moulton, 2004) . The network was constructed based on pairwise (uncorrected) distance matrices in SplitsTree4 v.4.9.1. (Huson and Bryant, 2006) . 
Species tree reconstructions
To reveal relationships between populations that are now isolated geographically or belong to separate species, we reconstructed a population tree using a multi-species coalescent model based on two independent alignments using the module *BEAST (Heled and Drummond, 2010) implemented in BEAST v.1.8.0 (Drummond and Rambaut, 2007) . For population tree reconstruction, we predefined the groups of populations [i.e. operational taxonomic units (OTUs) in the final population tree] that generally corresponded to the population grouping in the cpDNA and ITS gene trees. The final setting for population tree reconstruction sorted 35 populations sampled for cpDNA as well as ITS into 14 OTUs representing all plausibly independently evolving lineages of the studied group (see details in Table 2 ).
To test whether our assumption of absence of gene flow among geographically isolated populations is correct, we applied the posterior predictive checking approach (Joly et al., 2009) , which enables testing the suitability of a coalescent model for the selected group of species. In this analysis, we inspected a population tree reconstructed in *BEAST using the program JML (Joly, 2012) . The scenario that gene trees within species tree(s) does not account for hybridization was simulated based on posterior distributions of species-tree parameters from *BEAST analysis and original alignments of sequence data. Details on this analysis are described in Supplementary Data Text S1.
Divergence dating analysis
Bayesian divergence date analyses were previously conducted for the entire genus Anthoxanthum by Pimentel et al. (2013) . Here we follow the methods from that study so that our data can be interpreted over the same evolutionary time scale. For these analyses, in addition to the sequences obtained from our samples, we used 30 sequences from Pimentel et al. (2013) representing 19 populations of Anthoxanthum species and three populations of Hierochlo€ e species to supplement our sampling and improve the fitting of our data (Table S1 ). Because Pimentel et al. (2013) did not use data from plastid region rpl32-trnL, our dating analyses were based only on ITS and trnL-trnF data. For estimation of the divergence time of main lineages, we analysed ITS and plastid data under a multispeciescoalescent model using *BEAST as described above, but with additional priors as follows. For the divergence between tribe Meliceae and tribes Aveneae/Poeae þ Triticeae, we used a normal prior distribution with mean 32Á1 Myr and standard deviation of 3Á65. For the divergence between tribes Aveneae/Poeae and Triticeae, we assumed a normal prior distribution with mean 23Á4 Myr and standard deviation of 3Á1. For the divergence of genera Hierochlo€ e and Anthoxanthum, we employed a normal prior distribution with mean 10Á4 Myr and standard deviation of 1Á0, and secondary calibration points taken from Pimentel et al. (2013) . Priors for substitution rates of plastid DNA were established following Wolfe et al. (1987) , Drummond and Rambaut (2007) and Winkler et al. (2012) , with wide ranges to cover most biologically realistic values. Therefore, we used a lognormal prior distribution with a mean 0Á007 and standard deviation 1Á0 Mya to enable use of a realistic substitution rate of plastid DNA with mean 1Á75 Â 10 À3 substitutions per site per million years.
Four independent analyses were run for a total of 100 000 000 generations. Log files were analysed using TRACER v.1.5 to assess convergence and ensure that the effective sample size (ESS) for all parameters was >200 (Drummond and Rambaut, 2007) . In addition, tree convergence was evaluated using the tool RWTY (https://github.com/danl warren/RWTY), the upgraded version of online application AWTY (Nylander et al., 2008) . Resulting trees were combined using LogCombiner v.1.7.2 (Drummond and Rambaut, 2007) with a burn-in of 25 %. Subsequently, a maximum credibility tree was constructed using TreeAnnotator v.1.7.2 (Drummond and Rambaut, 2007) .
Spatio-temporal distribution of the 'Mediterranean diploid' and its closest relatives
Changing spatial distributions over time and migration trends of the subgroup of special interest, i.e. the 'Mediterranean diploid' and its closest relatives, were inferred using the recently described phylogeographical model BASTA (BAyesian STructured coalescent Approximation; De Maio et al., 2015) . Applying this approach, migration rates and root locations are estimated based on the structured coalescent, which is supposed to be more accurate and less sensitive to biased sampling than methods based on discrete trait models (e.g. Lemey et al., 2009) . Because the different gene genealogies might indicate different migration routes and different ancestral distribution areas (reflecting also different time scales of migration), we first analysed plastid and ITS datasets separately and then analysed both datasets together. To improve our geographical sampling, we included 16 sequences representing 11 populations of diploid species from Pimentel et al. (2013) in our dataset and therefore again analysed only ITS and trnL-trnF data. The analyses were done in BEAST v.2.3.1 based on a user-prepared xml file specifying the settings of the analyses. Individuals were assigned to five discrete geographical regions: Apennine Peninsula (APE); Balkan Peninsula and Crete (BAL); Corsica and Sardinia (COR); Iberian Peninsula and Morocco (IBE); and Madeira (MAD). We used an asymmetric geospatial model, i.e. we enabled migration rate in one direction to be different from that in the reverse direction. Bayesian Stochastic Search Variable Selection (BSSVS) was applied to achieve statistical efficiency. We forced the analyses to equalize the effective population sizes for different locations in order to decrease the effect of potentially biased sampling across particular regions. Log files of the final analyses were analysed using TRACER v.1.5 to assess convergence and ensure that the ESS for all parameters was >200.
Niche differentiation of the 'Mediterranean diploid' and its closest relatives
Environmental parameters based on climatic data from WordClim database (Hijmans et al., 2005 ; http://www.world clim.org) were assessed to try to elucidate the degree of ecological divergence among closely related taxa of the Mediterranean basin (the 'Mediterranean diploid', A. ovatum and A. aristatum). Altogether, for 298 georeferenced locations, we extracted data from a database of 19 bioclimatic variables representing annual trends, seasonality, and extreme and limiting environmental factors. For the taxon 'Mediterranean diploid', only those localities (66 locations) with plants determined by flow cytometry (Chumov a et al., 2015) or chromosome counts (Felber, 1987; Teppner, 1970) were used as georeferenced points for range delimitation. Occurrence data for A. aristatum (168 locations) and A. ovatum (64 locations) were adopted from comprehensive work about their distribution by Valdés (1973) and georeferenced manually (see Supplementary  Data Fig. S1 ). Data from raster layers for each of the 19 bioclimatic variables was extracted using the extract function in the raster package in R (Hijmans et al., 2016) . First, principal trends in variation of bioclimatic variables were detected by principal component analysis. Next, mutually uncorrelated variables were identified by stepwise forward selection and used for linear discriminant analysis. All analyses were conducted via the MorphoTools R package for multivariate data handling (Kouteck y, 2015) .
Distributional modelling of the 'Mediterranean diploid'
The maximum entropy machine-learning approach implemented in Maxent v.3.3.3 k (Elith et al., 2006; Phillips et al., 2006) was used for modelling the potential distribution pattern of the 'Mediterranean diploid' based on climatic data from the WorldClim database (Hijmans et al., 2005) . We inferred the potential ranges at present and during the Last Glacial Maximum (LGM, approx. 21 000 years ago) and the Last Interglacial (LIG, approx. 120 000-140 000 years ago) periods. This approach allowed us to explore shifts in potential distribution patterns within the last 120 000 years and to reconstruct population histories (withdrawals or expansions). Sixty-six thoroughly proved populations of the 'Mediterranean diploid' (see Table  S1 for detail) were used for modelling. Layers for the 19 bioclimatic variables were used for inferring distribution. A 30-s resolution (approx. 1 km) for current data and the LIG climatic model of Otto-Bliesner et al. (2006) were used. Two climatic models (both of resolution 2Á5 min, approx. 4 km) were used for the LGM period: MIROC (Model for Interdisciplinary Research on Climate; Hasumi and Emori, 2004) and CCSM4 (Community Climate System Model; Collins et al., 2006) . First, however, the bioclimatic variables were clipped such that they reached from 25 N to 72 N and from 25 W to 45 E, including all potentially suitable habitats for Anthoxanthum species in Europe, the Middle East and North Africa (accordingly to Felber, 1987; Chumov a et al., 2015) . Only eight relatively uncorrelated bioclimatic layers (r < 0Á7) were used for the analysis: mean diurnal range (BIO2); temperature seasonality (BIO4); mean temperature of wettest quarter (BIO8); mean temperature of driest quarter (BIO9); mean temperature of warmest quarter (BIO10); precipitation of wettest month (BIO13); precipitation of driest month (BIO14); and precipitation seasonality (BIO15).
The default setting of Maxent with the 'auto features' options was used for independent fivefold cross-validation runs. The analysis parameters were set as follows: 10 À5 convergence threshold, 1000 maximum iterations, regularization parameter b ¼ 1, 100 000 background points and 20 % (13 localities) as a testing data set. The AUC (area under the curve) statistic (Peterson et al., 2008) was used to evaluate the quality of the final model. For model projection, a median of five replicates and the 'equal training sensitivity and specificity' logistic threshold (Liu et al., 2005) were used. The potential area of long-term stable occurrence of 'Mediterranean diploid' populations was shown by the overlap of suitable areas predicted for the present, LGM and LIG (data processed in GRASS GIS; Neteler et al., 2012) .
RESULTS
Plastid DNA
The lengths of the trnL-trnF and the rpl32-trnL intergenic spacers in the Anthoxantum full dataset (including all 35 specimens) were 965 and 854 bp, respectively. The combined alignment was 1819 bp long and comprised 95 variable characters including 17 indels and 34 parsimony-informative sites. A total of 17 haplotypes in 35 individuals were identified ( Table 2 ). The original alignment is available at datadryad.org; GenBank accession numbers are provided in Table S1 .
The statistical parsimony network (TCS, Fig. 1A ) revealed five main genetic groups, of which the most divergent group corresponds to A. gracile, which fell out at the 95 % connection limit. All remaining haplotypes were connected within a single network and did not differ by more than 23 mutations. The most distant was a group of haplotypes specific to populations of A. alpinum ('blue haplotype group', bH1-bH4). The secondmost different group, further referred to as the 'yellow haplotype group', corresponds to populations of annuals from the central Iberian Peninsula (yH16, yH17). Two central groups of haplotypes correspond to two sets of populations. The first set comprises populations of A. maderense from Madeira, annuals from the southern Iberian Peninsula and populations of the 'Mediterranean diploid' spanning the Apennines and Balkan Peninsula ('red haplotype group', rH5-rH10). The other set comprises populations of annuals from Corsica in addition to the rest of the 'Mediterranean diploid' populations ('green haplotype group', gH11-gH15).
Hierarchical genetic relationships resolved by MP and Bayesian inference based on the cpDNA dataset (Supplementary Data Fig. S2 ) generally gave the same pattern as the TCS analyses, showing four main groups of haplotypes within the ingroup (A. gracille was used as an outgroup). A strongly supported basal group (BS ¼ 97 %, PP ¼ 1Á00, in blue in Fig. S2 ) corresponds to all haplotypes of the diploid A. alpinum. In sister position to the A. alpinum group, haplotypes of all populations of the 'Mediterranean diploid', annual taxa and A. maderense were resolved (BS ¼ 94 %, PP ¼ 0Á93). Within this group, only the yellow haplotype group resolved in TCS analysis was strongly supported as monophyletic (BS ¼ 99 %, PP ¼ 1Á00).
nrDNA data -ITS ITS alignment in the Anthoxanthum full dataset was 687 bp long and comprised 86 variable characters including 18 indels and 29 parsimony-informative sites. In three individuals Table 2 . Numbers correspond to their regions of origin (listed in box and in Table 2 ). Maps: dots representing the sampled populations are coloured according to their haplotypes/ribotypes (in the same colours as in network). Arrows indicate the populations bearing mutually incongruent cpDNA haplotypes and ITS ribotypes. Population names correspond to names in Table S1 and include taxa abbreviations: alp, A. alpinum; annu, A. aristatum/ovatum; mader, A. maderense; med, 'Mediterranean diploid'. Numbers within population dots correspond to their regions of origin (listed in box and in Table 2 ).
(RO01alp, IT02med, IT03med; Table 2 ), two ITS ribotypes were detected after cloning analyses. A total of 20 ribotypes in 35 individuals were detected and analysed ( Table 2 ). The original alignment is available at datadryad.org; GenBank accession numbers are provided in Table S1 . The statistical parsimony network (Fig. 1B) revealed four main ingroup haplotype groups with similar geographical distributions to those based on plastid data. Therefore, we kept similar naming and colouring patterns, and we highlight the differences in ITS patterns from those of cpDNA. The 'blue ribotype group' corresponds completely to the A. alpinum-specific blue cpDNA haplotype group. Similarly, the 'yellow ribotype group' corresponds to the yellow haplotype group. The 'red ribotype group' (ribotypes rR7-rR12) and the 'green ribotype group' (ribotypes gR13-gR19) differ from their respective cpDNA haplotype groups by having more specific geographical distributions in the Mediterranean. The red ribotype group is the only ribotype group occurring in Madeira and southern regions of the Iberian Peninsula, and its eastern-most occurrence is in the Apennines, where it co-occurs (in a single case) with the green ribotype group. Green ribotypes are also distributed in the Balkans, Corsica and Crete, where no other ribotype groups occur.
The topology of the Bayesian gene tree based on ITS data (Fig. S3 ) differed substantially from the gene tree based on cpDNA. While the grouping of individuals in the ITS gene tree was generally the same as that in the cpDNA gene tree, hierarchical relationships among the blue, yellow, red and green ribotype groups based on ITS data differed from those among the haplotype groups based on cpDNA data (see detailed comparison in Fig. 2A and 2B) . Additionally, the grouping based on ITS data was more reflective of the geographical origins of the individuals (as also detected in TCS analyses). The group of blue ribotypes was resolved as monophyletic but with only poor statistical support. Similarly as for cpDNA, A. alpinum individuals (blue ribotypes) were in sister position to the remaining samples. Within those, strongly supported were the group of yellow ribotypes (BS ¼ 100 %, PP ¼ 1Á00) and its sister group including a group of green ribotypes (BS ¼ 60 %, PP ¼ 1Á00) and nonmonophyletic red ribotypes.
The recognized cpDNA haplotypes and ITS ribotypes were mostly congruent, with the exception of five individuals from the Iberian Peninsula (ES06annu), Apennines (IT02med, IT03med) and Balkans (HR01med, AL02med; Fig. 1 ).
Gene tree (in)congruence, population-tree reconstruction and posterior predictive check Congruence testing of the plastid and ITS datasets indicates significant incongruence between the datasets. Results of 
FIG. 2. (A)
Population tree (two mirrored copies depicted in grey) reconstructed using multi-species coalescent model with reconciled gene trees (depicted in colour on the background of the grey population tree; cpDNA gene tree on the left, ITS tree on the right). Topology of population tree depicts relationships among geographically isolated populations; reconciled gene tree highlights gene tree-species tree incongruence explained by ILS. Between mirrored population trees, karyotypes specific for each group/OTU are shown, numbered 1-6 according to Table 2; red (Fig. S4A ), ITS dataset ( Fig.  S4B ) and concatenated dataset (Fig. S4C) show clearly the samples causing this incongruence. Such incongruent datasets are not recommended to be analysed as a concatenated dataset to obtain a species or population tree because of their different evolutionary histories (Lowe et al., 2004; Knowles and Kubatko, 2010) . On the other hand, reconstruction of a population tree in a multi-coalescence framework could explain these incongruences due to incomplete lineage sorting (ILS). The resulting population tree visualized with reconciled cpDNA and ITS gene trees is presented in Fig. 2A (for original population tree see Supplementary Data Fig. S5 ). The population tree topology recovered A. gracile as an outgroup and two statistically supported groups in sister positions as an ingroup. The first of these groups comprised all A. alpinum individuals (blue branches in Fig. 2A and Fig. S5 , PP ¼ 1Á00), and the second included all individuals of the 'Mediterranean diploid', annuals and A. maderense (yellow, red and green branches of gene trees in Fig. 2A and Fig. S5 , PP ¼ 0Á98). In the other group, the populations of annuals from central Spain and Portugal (yellow branches in Fig. 2A ) were resolved as most basal. The remaining part of the population tree is neither well resolved nor statistically supported. The distributions and relationships of cpDNA halotypes and ITS ribotypes within the population tree are visualized using reconciled cpDNA (left) and ITS (right) gene trees, respectively, within the population tree in Fig. 2A . For better visibility, the reconciled gene trees are presented also in unfolded form (cpDNA gene tree in Fig.  2B , ITS gene tree in Fig. 2C ).
The posterior predictive check performed in JML shows that the incongruence between the cpDNA gene tree and the population tree can be explained purely by the deep coalescence process, as no minimum pairwise distances within cpDNA alignment occurred with low probability (P < 0Á05) in the simulated population tree assuming no gene flow. We visualized this result by reconciling the cpDNA gene tree with the population tree ( Fig. 2A on the left) and also by presenting the unfolded cpDNA gene tree (Fig. 2B) . In contrast, the posterior predictive check applied to the ITS dataset yielded several pairs of individuals between which genetic distances were shorter than would be expected with pure coalescence; therefore, these distances were observed only with low probability in a simulated population tree assuming no gene flow and indicated violation of the multi-species coalescent model.
Divergence dating of population tree
The scaled *BEAST analyses performed on the dataset augmented by samples from Pimentel et al. (2013) resolved relationships among outgroup and ingroup taxa with strong statistical support (see details in Fig. 3 ). The divergence of genus Anthoxanthum was dated to the late Miocene [95 % highest posterior density (HPD) 4Á76-7Á72 Mya, median 6Á17 Mya], and divergence of A. alpinum and the remaining species from A. sect. Anthoxanthum (i.e. Mediterranean taxa) was estimated to have occurred in the Late Pliocene-Early Pleistocene (95 % HPD 1Á33-2Á8 Mya, median 2Á02 Mya). The most recent common ancestor (MRCA) of the Mediterranean taxa diversified in the Pleistocene around 1Á51 Mya (95 % HPD 0Á96-2Á19 Mya, median 1Á51 Mya; see details in Table 3 ).
Localization of rDNA loci
All of the analysed Anthoxanthum populations have a diploid chromosome number (2n ¼ 2x ¼ 10). Eight of the 16 analysed Anthoxanthum accessions exhibit a common set of rDNA loci with two pairs of 5S and 45S (Table 2 , Fig. 2A and Supplementary Data Fig. S6 ). This pattern was observed in A. gracile, all 'Mediterranean diploids' and A. maderense. Because A. gracile is the ancestral species to all other Anthoxanthum taxa (see above), we refer to this karyotype as the 'ancestral Anthoxanthum karyotype' (see Fig. S3 ). Both annual taxa (A. aristatum and A. ovatum) possess several independent lineagespecific rDNA alterations including amplification and reduction of 5S and 45S rDNA loci (Table 2 , Fig. 2A, Figs S3 and S6 ). All A. alpinum exhibit one pair of both the 5S and the 45S rDNA loci, but A. alpinum from the Carpathians possesses an additional pair of 5S.
Spatio-temporal distribution of the 'Mediterranean diploid' and its closest relatives
Results of the phylogeographical modelling with BASTA are presented in the form of an asymmetric migration rate matrix (Table S2 ) and in range connectivity diagrams in Fig. 4 .
An asymmetric model based on plastid data identified the most important migration pathway as from the Apennines to Madeira. ITS data revealed the strongest migration to be from the Apennines to the Balkans (and Crete). Both datasets indicated the next-most important migrations to have been from Corsica and Sardinia to the Balkans (and Crete) and also backwards from the Balkans to Corsica. Finally, ITS data showed lower support for migrations from the Iberian Peninsula (and Morocco) to Madeira.
Combined analysis based on cpDNA and ITS data basically summarized the results of the separately analysed datasets. Cumulatively, it revealed the most important migrations to be from Corsica (and Sardinia) to the Balkans (and Crete) and from the Apennines to the Balkans (and Crete). Details and particular values of BSSVS indicators are presented in Table S2 .
Ancestral locations for internal tree nodes were reconstructed and interpreted based on ITS data only, as the current version of BASTA does not enable cumulative interpretation of trees, and ancestral locations from combined datasets or from analyses based on plastid data was not informative enough. The ITS gene genealogy with inferred ancestral areas is presented in Supplementary Data Fig. S7 . The Balkans (and Crete) was estimated to be the most probable ancestral root location with PP of 0Á42. The Iberian Peninsula is suggested to be the ancestral area for all populations of annuals with yellow haplotypes and ribotypes currently distributed in central Spain and Portugal. The populations bearing red ITS ribotypes first occurred in the Apennines and later also in both the Iberian Peninsula (along with Morocco), and especially in Madeira. The ancestral area of the green ITS ribotypes is suggested to be the Balkans together with Corsica and Sardinia
Niche differentiation of Mediterranean taxa
Analysis of environmental/climatic factors was performed to identify whether and to what extent three closely related taxa of the Mediterranean area ('Mediterranean diploid', A. aristatum and A. ovatum) differ. Linear discriminant analysis based on 298 localities (Fig. 5 ) revealed a significant difference in climatic niches among taxa (F 9,288 ¼ 45Á6, P < 0Á001) and identified the nine most important climatic factors promoting such divergence (Fig. 5 and Supplementary Data Fig. S8 ). The main trend in climatic data support differentiation of A. aristatum from the other two taxa and is highly correlated with increasing isothermality (i.e. diurnal temperature oscillations relative to annual temperature oscillations) and decreasing mean temperature of the coldest quarter. This divergence is further supported by increasing minimum temperature of the coldest month and decreasing precipitation seasonality. Separation of the 'Mediterranean diploid' is mainly promoted by precipitation factors (increasing tendency in precipitation of driest month and precipitation of wettest quarter, Fig. S8 ).
Distributional modelling of the 'Mediterranean diploid'
The high average value for the replicates of the operating characteristic curve (AUC ¼ 0Á970 6 0Á007) points to a nonrandom distribution pattern of the 'Mediterranean diploid' based on eight Bioclim variables. Modelling of current distribution of the 'Mediterranean diploid' points to a potentially wider area than sampled, because of the wider occurrence of suitable conditions (Fig. 6) . The Miroc LGM model places the core distribution area in Italy and the Balkan Peninsula (Fig. 6) , and the CCSM LGM model indicates suitable conditions not only in this area, but more broadly in a region also including southern Great Britain, France and Turkey (data not shown). Reconstruction of long-standing persistence of suitable conditions over the LIG and the LGM period up to the recent state (Fig. 6 ) is highly concordant with the current distribution of the 'Mediterranean diploid'. Both LGM models used identify the identical core area in the central and Eastern Mediterranean (Italy þ Balkan Peninsula).
DISCUSSION
The present study summarizes our findings on the evolution of diploid members of Anthoxanthum sect. Anthoxanthum in Europe. From the technical point of view, we are operating on the border of two evolutionary levels -below and above the species level. Both levels have their biological specificities, and different approaches are used to analyse them. On this border, special care has to be taken to recognize the amounts of gene flow among populations and species, the presence of ancestral polymorphism, and the historical relationships of populations (Schaal et al., 1998) . We combined phylogeographical and phylogenetic approaches to answer questions regarding phylogeny and taxonomy of Anthoxanthum sect. Anthoxanthum. It enabled us to describe in more detail processes that influenced evolution of the so far undescribed, yet key species, the 'Mediterranean diploid', and its closest relatives from the Mediterranean Basin. Results of karyological methods and climatic niche modelling added further insights not obtainable from the genetic data only.
Phylogenetic relationships of diploid taxa from A. sect. Anthoxanthum
We reconstructed gene trees and a population tree to illustrate the relationships among 14 groups (Table 2) of populations currently isolated by reproductive, ecological or geographical barriers. This grouping was moreover a finer grouping of the currently recognized taxa of A. sect. Anthoxanthum, which enabled us to evaluate current taxonomic treatment of this section. Because of biological reasons (reproductive/ecological/geographical barriers) as well as requirement of the multi-species coalescence model used in our analysis, we assumed that there is no current gene flow among these groups. By testing this assumption a posteriori by simulations of plastid data, we showed that differences between plastid gene tree topology and population tree topology can be explained by persistence of ancestral polymorphism (i.e. ILS). However, the same test applied to ITS data detected a signal of recent hybridization/gene flow. In general, the ITS marker is well known for its usefulness in plant systematics as well as for its potential complexity (recombination, presence of multiple ribotypes within single individuals, concerted evolution, etc.) caused by its multi-copy character (e.g. Alvarez and Wendel, 2003) . However, in some cases, the complexity of ITS can be a source of valuable information about gene flow and/or migration pathways in the studied group and it is still widely used for untangling relationships even at the infra-specific level (e.g. Comes and Abbott, 2001; Wissemann, 2002) . In the case of our data, relationships of ITS ribotypes generally reflect the topology of the inferred population tree, with only a few exceptional cases violating this pattern. As these incongruences can be explained by (recent) migration between neighbouring areas (see below) and thus should not influence the multi-species coalescent model significantly, we consider these results for further interpretation and conclusions. At the base of the phylogeny stands Anthoxanthum gracile, which is relatively dissimilar from the other studied taxa in terms of both its cpDNA haplotype and ITS ribotype. This is fully in accord with previous results based on morphometric analysis (Pimentel et al., 2007a) , amplified fragment length polymorphism (AFLP) (Pimentel et al., 2007b) as well as sequence data (Pimentel et al., 2013) . Interestingly, A. gracile exhibits an rDNA pattern (FISH analyses) shared with some derived members of the group, thus making it the most common type within diploids and supporting the hypothesis of the 'ancestral Anthoxanthum karyotype'. A recently revealed completely different genome size (both 2C-and 1C x-value; Chumov a et al., 2015) further promotes the idea of A. gracile as differing considerably from the other taxa in the genus. All evidence supports the hypothesis of a basal position for this species not only within sect. Anthoxanthum, but for the genus as a whole (Pimentel et al., 2013) .
The second well-differentiated and supported group is composed of five subgroups of A. alpinum (groups of populations from the Alps, Balkans, Caucasus, Carpathians and Scandinavia). Anthoxanthum alpinum is a taxon of arctic lowlands and mountain ranges of southern and central Eurasia. Its different position in cladograms is clearly evident even in analysis including polyploids, in which A. alpinum is placed in a separate lineage with north-east African A. nivale and some specimens of Eurasian A. odoratum (Pimentel et al., 2013) . Clear separation from other diploid taxa and connection to some polyploids supplies the first evidence in the long-term debate about participation of A. alpinum in polyploid formation (e.g. Borrill, 1963; Jones, 1964; Teppner, 1970; Hedberg, 1986; Chumov a et al., 2015) . Based on its linkage to at least some polyploid lineages we can conclude that A. alpinum played a substantial role in polyploid evolution.
The third group comprises the remaining taxa, two perennial taxa -A. maderense and the 'Mediterranean diploid', and two annual taxa -A. aristatum and A. ovatum. In our concept, this group is further divided into eight groups -A. maderense forming one group, four groups within the 'Mediterranean diploid' (groups of populations from the Balkans, Crete, Corsica and Italy) and three groups of annuals representing the A. aristatum/ ovatum complex (one group of populations from the central Iberian Peninsula, one group from the southern Iberian Peninsula and one from Corsica). The relationships among these eight groups remain rather unresolved. However, by taking into account particular gene genealogies and the pattern of ancestral polymorphism observed in plastid data ( Fig. 2A) , we can propose a hypothesis about the relationships of these groups. Our data suggest that annuals from the central Iberian Peninsula are highly differentiated and placed basally to the remaining groups. Their karyotype differs from the 'ancestral karyotype' as well as from karyotypes of the other annuals. We can speculate that these populations shared a common ancestor with the remaining Mediterranean populations/taxa but have been separated from them for a long time, perhaps without any further gene flow between them. Furthermore, these populations, forming a quite well-separated lineage, should be assigned to pure A. aristatum based on previous phylogenetic studies (Pimentel et al., 2013) and their localization in the Mediterranean area (Valdés, 1973; Fig. S8) . Moreover, these plants share the same karyotype as A. aristatum from Poland (Drapikowska et al., 2013) .
Genetic differentiation of the remaining seven groups (i.e. the third major grouping discussed above, without the group from the central Iberian Peninsula) is further blurred by ancestral polymorphism in the plastid data (Fig. 2) . However, the geographically structured ITS genealogy gives us the chance to see some patterns. We can hypothesize that the currently most frequently observed haplotypes (from the red and green haplotype groups) diverged approximately in the same time period, co-occurred in the past and in some areas still co-occur. Red and green ITS ribotypes, in contrast, most probably have been sorted faster and reflect geographical barriers, rather than taxonomy, as annuals and perennials still share ITS ribotypes in Western Europe as well as in Corsica, where both life forms co-occur (Lambinon and Deschatres, 1991; Felber, 1993; Fig. 1) . We can only conclude that two groups of annuals (from the southern Iberian Peninsula and Corsica) most probably do not share the MRCA with annuals from the central Iberian Peninsula, but with the 'Mediterranean diploid'. These findings would support the concept of two distinct species, A. aristatum and A. ovatum, that differ, among other ways, in their geographical distribution (Valdés, 1973) and quite well-separated climatic niches (Fig. 5) .
Ecological differentiation of taxa from A. sect. Anthoxanthum over time
Based on available evidence, the MRCA of A. gracile, as well as sect. Anthoxanthum, which we henceforth refer to as 'Ant MRCA ', originated in the Miocene approx. 6Á8 Mya (95 % HPD 4Á8-9Á4 Mya) (Pimentel et al., 2013) , i.e. at a time of great climatic change from humid or sub-humid summers to summers representative of the summer-dry, Mediterranean-type climate (Quan et al., 2014) . According to the contemporary distribution of taxa that speciated first (A. gracile -occupying humid gorges and deep valleys, and A. alpinum -inhabiting only high mountain ranges in the Mediterranean) adaptation of Ant MRCA originally to humid or sub-humid climate is very likely. Adaptation to dry climate took place much later and is associated in fact only with the annuals A. aristatum and A. ovatum (Fig. 5) . However, even their MRCA was probably adapted or pre-adapted to humid climate, because the 'Mediterranean diploid' and A. maderense occupied more humid habitats of the central and Eastern Mediterranean and the Macaronesian island Madeira, respectively. If the above-described scenario is taken into account, it seems that the first diversification of Anthoxanthum diploids was associated with aridification of the Mediterranean Basin in the Miocene (Flower and Kennett, 1994; Zachos et al., 2001) . Ant MRCA at first inhabited a broader area and, probably due to subsequent aridification, was thrust out to relict habitats (leading to the origin of A. gracile) or higher altitudes, (yielding the common ancestor of the rest of the taxa, namely A. alpinum). Similar scenarios including genetic diversification and speciation related to Miocene climate changes took place in several Mediterranean taxa, for example genus Odontites (Gaudeul et al., 2016) , genus Ricotia ( € Ozüdo gru et al., 2015) and Smilax aspera (Chen et al., 2014) . In the case of Anthoxanthum, the later step of diversification (Fig. 2) is dated to the end of the Pliocene or to the beginning of Pleistocene climate oscillations (median 2 Mya; Suc, 1984) and included separation of the MRCA of mountain type A. alpinum from the rest of the taxa. This divergence was crucial for subsequent evolution of polyploids, as A. alpinum played a notable role in their origin, both in Eurasia and in Africa (Pimentel et al., 2013) . Thus, A. alpinum forms a connection between Eurasian and African members of section Anthoxanthum. The remaining question is whether the migration route from Eurasia to north-east Africa was used by one or two different diploid taxa (certainly including A. alpinum) or by a newly emerged polyploid (or polyploids). However, in both cases such colonization took place quite recently, which is in congruence with some findings of Eurasian-African connections (e.g. Koch et al., 2006; Popp et al., 2008; Inda et al., 2014) . The diversification time of the rest of the Mediterranean taxa is still blurry because their separation according to the investigated molecular markers is incomplete. However, it is clear that their common ancestor was able to form the perennial 'Mediterranean diploid' in the central and Eastern Mediterranean (see below), to colonize Madeira (A. maderense; Teppner, 1998) , and finally to adapt to the arid climate and change life strategy (shift to annuals A. aristatum and A. ovatum; Valdés, 1973) .
Past migration routes of the 'Mediterranean diploid' and its closest relatives
As mentioned above, genetic relationships among groups of populations of the 'Mediterranean diploid' and its closest relatives are greatly blurred by the high portion of shared plastid haplotypes as well as ITS ribotypes. To shed some light on the evolutionary history of the complex of taxa occurring in the Mediterranean, we reconstructed past migration routes of the populations from this complex by employing phylogeographical modelling. Based on two genetic regions with different mutation rates (e.g. Wolfe et al., 1987) and also different rates of sorting of the ancestral alleles (e.g. Comes and Abbott, 2001 ), we were able to observe two levels of past connections among regions of the current distribution of the complex. However, due to the lack of reliable results of dating analysis for this group, we have to interpret these results without a proper time scale.
The data suggested that the area of ancestral distribution of the 'Mediterranean diploid' and its closest relatives was in the Balkans (including Crete), which is highly concordant with the present occurrence of the oldest lineages of Anthoxanthum in that area -i.e. A. gracile in gorges in Crete and A. alpinum in the highest mountain ranges of the Balkan Peninsula. From the ancestral area, most probably two independent migrations to the Iberian Peninsula happened, the first probably giving rise to A. aristatum (in our analyses represented by highly differentiated populations of annuals from the central Iberian Peninsula). The second migration to the Iberian Peninsula involved establishment of populations in Africa (Morocco) and Madeira and, as suggested by higher migration rates between Madeira and the Apennines, the source of the migrating population could actually have been the Apennines (perhaps together with the Balkans). The higher migration rate between the Iberian Peninsula (plus Morocco) and Madeira indicates that there was gene flow between the populations in these areas or that some of the populations from one area originated from the other. The strongest bidirectional migration was between the Balkans and Corsica (and Sardinia) and strongest unidirectional flow was from the Apennines to the Balkans. These three migration routes (i.e. Balkans-Corsica in both directions and Apenninesto-Balkans) are in concordance with the distribution model applied to the 'Mediterranean diploid', which suggests the occurrence of contiguous areas of suitable niches spanning the Balkans and Apennines and most probably easily reachable niches in Corsica and Sardinia in the past 120 000 years (Fig. 6 ). Because these migrations were estimated mainly based on close genetic relationships of green haplotypes from Corsica and green haplotypes from the Balkans that are probably not older than 0Á5 Mya (Fig. 3) , we believe that this connectivity is supported by past co-occurrence in the continuous area spanning the Balkans, Corsica, Sardinia and the Apennines. The fact that these analyses are based only on two independent markers, however, prevents us from presenting this hypothesis with any certainty. A broader sampling of annual taxa and use of genome-wide data may uncover additional past genetic connections and perhaps even recent or ongoing gene flow among some populations.
The 'Mediterranean diploid'
Distribution-modelling data on the 'Mediterranean diploid' points to very likely long-standing persistence of the taxon in the Mediterranean area, particularly in the central and eastern parts of this region. Only those locations where suitable conditions have persisted for at least 120 000 years (Fig. 6) host the taxon now. On the other hand, several locations with the same suitability are not occupied (mainly in France and the Iberian Peninsula; Fig. 6 ). We are convinced that this difference in occupancy was probably caused by differential evolution of the common ancestral taxon of the 'Mediterranean diploid' and annuals (A. aristatum, A. ovatum) in different parts of the Mediterranean Basin. Pursuant to this scenario, those suitable uncolonized places in the Western Mediterranean are mainly occupied by A. aristatum now (Valdés, 1973) . The idea of longstanding stability of the 'Mediterranean diploid' populations is further supported by its sharing of the 'ancestral Anthoxanthum karyotype' (Fig. 2A, Fig. S3 ). Moreover, as we hypothesized above, the Balkan and adjacent regions are considered as a source area for further evolution of Mediterranean taxa, and the scenario of long persistence of the most recent ancestor of these taxa in this area appears likely. This finding is in accordance with various evidence of a crucial role of the Balkan Peninsula in the evolution of taxa that originated in the Miocene (Frajman and Schneeweiss, 2009; or later (Surina et al., 2014; Petrova et al., 2015) , making this area a European biodiversity hotspot (Médail and Diadema, 2009; Hewitt, 2011) .
Attributes of the MRCA of section Anthoxanthum
Various lines of evidence enable us to speculate about the attributes of 'Ant MRCA ', the MRCA of section Anthoxanthum. As we hypothesized above, its adaptation to a humid climate is very likely, because most diploid Anthoxanthum species (including both basal and derived species) prefer such habitats. It seems that adaptation to a Mediterranean climate with dry summer was secondary, restricted mostly to annuals and occurring more recently (in accordance with the establishment of a truly Mediterranean climate; see e.g. Thompson, 2005; Tomasello et al., 2015) . The determination of the basal life strategy (annual vs. perennial) is quite tricky, but several clues suggest perenniality as the more likely basal state. Namely, the annual life strategy is a common adaptation to arid climate (e.g. Grime, 1977; Evans et al., 2005) , but Ant MRCA is presumed to have been adapted for more humid habitats. Moreover, perenniality is thought to be a contributing factor to: (1) better adaptation of many grass genera to various climatic and edaphic conditions; and (2) formation of species-rich polyploid complexes (Röser, 1997) . Finally, sharing of the same type of karyotype by basal A. gracile and two other taxa from the most derived group underlies our inference regarding the existence of an 'ancestral Anthoxanthum karyotype', which should be shared also by Ant MRCA .
CONCLUSIONS
Our examination provided comprehensive insight into the evolution of diploid members of genus Anthoxanthum sect. Anthoxanthum and brought new understanding of their origin, time of divergence, colonization routes and niche differentiation. We corroborated the hypothesis of a Miocene origin and establishment of the basal lineage leading to evolution of A.
gracile. Other divergences are much younger, having occurred during the Pleistocene period. Based on the current occurrence and habitat preferences of diploids we further hypothesized prior adaptation of the MRCA of diploids to humid or subhumid habitats. This provided the basis for theorizing that only a relatively recent adaptation to true Mediterranean climate underlay the shift in life strategy from perennial to annual. In sum, we assembled evidence that the Mediterranean area is the cradle of Anthoxanthum sect. Anthoxanthum and that climatic changes starting in the Miocene, leading to increased aridity and formation of the true Mediterranean climate, were the main factors promoting taxa differentiation. It seems, however, that speciation of a substantial part of the diploid taxa is still an ongoing process. This is well documented by unclear differentiation in molecular markers but clear separation of climatic niches. Phylogeographical modelling suggested the source area of diploid diversity to be the Balkans (including Crete) and Apennines, corresponding to longstanding suitable conditions for persistence of the rediscovered 'Mediterranean diploid' in this region. Moreover, its sharing of the 'ancestral Anthoxanthum karyotype' further supports the linkage of the 'Mediterranean diploid' to the MRCA of other diploid taxa and corroborates the importance of its distribution area (i.e. Central and Eastern Mediterranean) for evolution of the entire genus.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Table S1 : list of analysed Anthoxanthum populations. Table S2 : asymmetrical migration rate matrix estimated by phylogeographical modelling with BASTA based on the plastid dataset, ITS dataset, and combined plastid and ITS data. Text S1: detailed description of the approach used for testing for the presence of gene flow among species/lineages. Figure S1 : Map of localities of three Mediterranean Anthoxanthum taxa (A. aristatum, A. ovatum, 'Mediterranean diploid') that serve as reference points for appropriate climatic data from the WorldClim database. Figure  S2 : maximum clade credibility tree from the Bayesian analysis of Anthoxanthum species (cpDNA dataset). Figure S3 : maximum clade credibility tree from the Bayesian analysis of Anthoxanthum species (ITS dataset) with highlighted branches indicating possible origin of the 'ancestral Anthoxanthum karyotype' (rDNA FISH analyses). Figure S4 : NeighbourNet analysis of Anthoxanthum species based on (A) the cpDNA dataset, (B) ITS dataset and (C) concatenated cpDNA and ITS dataset. Figure S5 : multi-species coalescent population tree based on cpDNA and ITS data computed in *BEAST. Figure  S6 : DAPI-stained mitotic chromosome spreads of Anthoxanthum species. Figure S7 : ancestral area reconstruction using asymmetrical BASTA phylogeographical model based on ITS dataset projected to maximum clade credibility tree from the Bayesian analysis. Figure S8 : box-and-whiskers plots of nine bioclimatic variables that significantly contribute to modelling of climate niches of three Mediterranean Anthoxanthum taxa -A. aristatum, A. ovatum and 'Mediterranean diploid'.
